A series of annual tree-ring measurements has been performed in order to reconstruct the radiocarbon concentration variation in the Korean atmosphere from AD 1650 to 1850. The absolute ages of the samples were determined using dendrochronology. Alpha-cellulose extraction was applied to prepare the tree-ring samples for precise 14 C measurement. The 14 C concentrations of the tree rings were then plotted with the dendrochronological ages and showed that during the period AD 1650-1850, the discrepancy in 14 C concentration in the Korean atmosphere from IntCal data is small enough to use IntCal data without any further correction. This is nearly one third of the average offset of the 400 yr from AD 1250 to 1650. One of the probable causes for the regional offset around Korea is the contribution of 14 C-depleted CO 2 released from the northern Pacific Ocean, where old deep water upwells to the surface. It is likely that the release rate of 14 C-depleted CO 2 decreased due to the temperature change during the Little Ice Age.
INTRODUCTION
Radiocarbon concentration variations in the atmosphere depend on variations of natural activities such as the 14 C production rate, climate change, and volcanic eruptions, as well as anthropogenic behaviors such as fossil fuel consumption and nuclear bomb tests. Among these factors, volcanic eruptions and local fossil fuel releases can cause regional offsets in 14 C concentrations. In particular, the contribution of CO 2 released from the deep ocean is notable because oceans contain old carbon due to the long periods of seawater circulation. Previous studies reported that the 14 C concentrations in tree rings grown in east Asia are slightly lower than those of western Europe and North America (Nakamura et al. 2007; Hong et al. 2013 ). It appears that the low concentration is due to the migration of 14 C-depleted CO 2 into the Korean and Japanese atmosphere when it is released from the northern Pacific Ocean. The calendar age obtained by calibration using IntCal09 data (Reimer et al. 2009 ) may include offsets for the samples collected in the east Asian region because IntCal04 data after 12.4 cal kyr BP were obtained from tree-ring measurements of trees grown in Europe and North America, despite the fact that the IntCal04 data were provided after very careful crosschecking with European tree rings (German pines, German oaks, Belfast oaks, and Irish oaks) and North American rings (from Washington, Oregon, California and Alaska and bristlecone pine trees) (Reimer et al. 2004) . To confirm the consistency in IntCal data used for calibrating the 14 C ages of local samples in the Far East, careful and precise 14 C concentration measurements of tree rings grown in this area are very important.
Since 2009, the 1MV accelerator mass spectrometry (AMS) system of the Korea Institute of Geoscience and Mineral Resources (KIGAM) has been dedicated to 14 C measurements of tree rings grown on the Korean Peninsula in order to study the regional characteristics of atmospheric isotopic concentration. 14 C variations of tree-ring samples that grew in Korea from AD 1250 to 1650 were initially reported at the 12th AMS Conference held in Wellington (Hong et al. 2013 ). This article builds on that work and reports 14 C concentrations of tree rings spanning the next 200 yr, from AD 1650 to 1850.
SAMPLE COLLECTION AND DENDROCHRONOLOGY
The tree-ring samples used in this work were collected from Tongmyeongjeon (373446.98N, 1265937.60E; see Figure 1 ), which is an annex of the Changdeok Palace in Seoul. This building was built in AD 1484 during the Choseon Dynasty, the last dynasty in Korea. In 2002, Tongmyeongjeon was renovated and wooden building materials were collected. Among them, 3 samples (TMJS017A, TMJS079A, and TMgt215A) were used for tree-ring measurements of pine wood (Pinus densiflora: Japanese red pine). Dendrochronological ages of the tree-ring samples were obtained from the Tree-Ring Material Bank of Chungbuk National University using Baillie's method (Baillie 1982) . The ring-width plots of the samples were cross-dated by matching their patterns with the master chronologies that had already been absolutely dated through matches with living trees. The correlation coefficient r between the sample and its reference is given as (1) where S i is the i th ring width of a sample, S is the average ring width of the sample, R i is the i th ring width of a reference, and R is the average ring width of the reference (Baillie and Pilcher 1973) . The t value in the dating results is therefore defined as (2) Figure 1 The location of the sampling sites in the Korean Peninsula
where n is the number of overlapped years in both the sample and reference. The age range of TMJS017A is 186 yr (AD 1619-1804). The master chronology for this sample was P3P1001M, and the t value was 5.9. TMJS079A was a roof packing log with an age range of 135 yr (AD 1699 (AD -1833 . The master for this was KNNNUNP1, and the t value was 6.7. Another roof packing log, TMgt215A, was found to have an age range of 139 yr (AD 1757-1895) using the master, SINSUNP1. Its t value was calculated to be 9.5. The sample information is summarized in Table 1 . Tree-ring chronologies of Japanese red pine in Korea, which were used as masters, were described in previous papers (Park and Lee 2001; Park et al. 2007 ).
SAMPLE PREPARATION AND MEASUREMENT OF RADIOCARBON
After obtaining the absolute ages using dendrochronology, the samples were cut into annual rings to perform single-year measurements. An alpha-cellulose extraction procedure was utilized on 201 samples with ages from AD 1650 to 1850. Each tree ring was powdered by a mixer mill with a diameter smaller than 0.5 mm. The tree-ring powders were heated to 80 C in a Soxhlet system with a mixed solution of 120 mL of cyclohexane and 60 mL of ethanol for 6 hr to remove gums, resins, waxes, sugars, oils, starches, alkaloids, tannins, and fats, followed by rinsing at 90 C in a Soxhlet system with 180 mL of ethanol for 6 hr to remove cyclohexane, which contains dead carbon, and a final rinse at 100 C in a Soxhlet containing 180 mL of deionized water for 6 hr to remove ethanol, which may contain modern carbon. After the rinsing process, the samples were moved to flasks with a solution of 105 mg of NaClO 2 in 50 mL of 1M HCl solvent, and the flasks were heated to 100 C in an ultrasonic water bath for 1 hr to remove lignin from the samples. During this step, the sample color typically changes to light brown. When the sample color was still dark, 50 mg of NaClO 2 was added to the solution, followed by additional heating for 1 hr. The samples were then rinsed with deionized water until neutral. Alpha-cellulose was extracted from the samples by an ultrasonic treatment at 60 C for 1 hr in 50 mL of a 12% NaOH solution with nitrogen bubbling. The solution was changed to a 7% NaOH solution and the same procedure was repeated. The alpha-cellulose was rinsed so that it was neutralized. To remove any atmospheric CO 2 contamination during the extraction process, the alpha-cellulose was treated with 2M HCl at room temperature for 30 min. Finally, the alpha-cellulose was rinsed with deionized water until neutral, after which it was dried at 40 C for 2 days. All of these processes took a total of 5 days.
The conversion of alpha-cellulose to graphite was done using an automatic 24-fold reduction system directly connected to an elemental analyzer (EA; Hong et al. 2010a ). The samples were sequentially combusted in the EA and the CO 2 gases were transferred to the reduction system and trapped cryogenically in reduction tubes. Some 3-4 mg of Fe catalyst and hydrogen gas with a volume 2.1 times larger than that of CO 2 was used for the reduction reactions at 600 C. Typically, the reduction yields were 93% after a 3-hr reduction process. Around 1 mg of graphite was obtained for each tree ring, and the graphite samples were pelletized for AMS measurements. 14 C/ 12 C ratios were measured using the 1MV AMS at KIGAM (Hong et al. 2010b) . Each sample was measured 3 times for 1050 s. The total counting time per tree-ring sample was 53 min and the total collected charge of Table 1 List of samples used for tree-ring measurements and chronology masters. t values were calculated using the formula given by Baillie and Pilcher (1973 12 C was ~300-400 µC. To monitor the counting conditions, known samples (IAEA C7 and C8 reference materials) were measured every 25 tree-ring measurements.
RESULTS AND DISCUSSION
Results of the 14 C measurements of the annual tree-ring samples are presented in Table 2 with their dendrochronological ages. The 14 C concentration deviations 14 C of the tree rings grown on the Korean Peninsula during AD 1650-1850 were calculated by (3) where y is the year the ring was grown and  = t 1/2 /ln(2) = 8267. t 1/2 is the half-life of 14 C, 5730 yr. pMC was calculated by comparing the measured activity of a tree-ring sample to that of NIST oxalic acid after background subtraction, followed by  13 C correction following Stuiver and Polach (1977) . 13 C/ 12 C ratios were measured by AMS, and the errors given in the Table 2 were evaluated by the statistical errors of the 14 C counts and 12 C and 13 C values of tree-ring samples, oxalic acids, and blank samples. Though the  13 C values of the AD 1657, 1677, 1682, and 1728 samples were too high in terms of our  13 C criteria for terrestrial samples (-30‰ <  13 C -20‰), their ages were consistent with the adjacent ages. The annual 14 C values of the tree rings measured are plotted in Figure 2 with the IntCal04 data. Because the IntCal04 data are the average values for every 10 yr (Reimer et al. 2004) , our tree-ring data were also averaged every 10 yr to calculate the deviations in the Korean tree-ring data from the IntCal04 data. They are plotted every 5 yr in Figure 2 . 
The average deviation of the 14 C concentrations of Korean tree rings from the IntCal data for AD 1650 to 1850 was calculated as -0.79 ± 3.81‰, which is a much smaller value than the statistical error. Hence, the deviation can be ignored when IntCal data are used for calibration of the 14 C ages of Korean samples. Our previous work showed that the average deviation of 14 C concentration of Korean tree rings from AD 1250 to 1650, -2.13 ± 4.32‰, was a much larger value than -0.79‰ (Hong et al. 2013) . A remarkable change between the offsets of the 2 age ranges was observed. The low 14 C concentration in the east Asian atmosphere is thought to be due to the release of 14 C-depleted CO 2 from the Kuroshio Current in the northern Pacific Ocean, which is a warm current starting near the Taiwanese islands and passing through the straits between the Korean Peninsula and Japan, i.e. the Korea Strait. During the summer season, when most tree growth occurs, southeasters containing the 14 C-depleted CO 2 affect this country dominantly. Thus, the 14 C concentrations in the Korean trees are strongly affected by the Kuroshio. It is known that the temperature during the Little Ice Age (LIA) from AD 1550 to 1850 was lower by at least 1 C than the temperature before and after (Mann 2002) . The Maunder minimum (AD 1650-1700), a wellknown period of minimum solar activity (Eddy 1976) , is suggested as a cause for the cold period. The LIA includes the age range of tree rings used in this work. The release rate of CO 2 from the northern Pacific Ocean increases along with the temperature. The small offset of 14 C concentration of Korean trees from IntCal from AD 1650 to 1850 can be interpreted by understanding that the release rate of 14 C-depleted CO 2 from the Kuroshio Current decreased during the LIA such that the migration of 14 C-depleted CO 2 to the Korean atmosphere also decreased during this period. Also, a cold climate could make the intensity of the warm monsoon from the south small, while the influence of the cold continental high pressure from the north to the Korean climate could be relatively large. This could be another reason of the small offset of the period.
The relationship between the 14 C ages of the Korean tree rings and the dendrochronological ages is plotted in Figure 3 as a comparison to the IntCal04 calibration curve. The 14 C ages of the Korean tree rings around AD 1710 and 1787 deviate from those in the IntCal04 data. The average 14 C offset from IntCal in these periods is +5.93‰ (-47 14 C yr) around AD 1710 and +3.24 ‰ (-25 14 C yr) around AD 1787, which are larger by 6.72‰ and 4.03‰, respectively, than the average of the entire period. Because the 2 periods are included in both timespans of TMJS017A (AD 1619-1804) and TMJS079A (AD 1699-1833), the 14 C concentrations during the periods will be cross-checked. A proper correction may then be necessary when the ages of samples around AD 1710 and 1787 are calibrated.
CONCLUSION
Tree rings with ages spanning AD 1650 to 1850 were measured to verify the consistency of the IntCal data with data from local samples of Korea. Three samples were collected from an historic wooden building (Tongmyeongjeon) in Korea, because a live tree with such a long age range is rare in this country. Tongmyeongjeon is located in Seoul, and the woods used as building materials are thought to have grown at a close site to Seoul, in the center of the Korean Peninsula.
The 14 C concentration offset during AD 1650 to 1850 from the IntCal data was found to be remarkably reduced compared to the corresponding previous value of 400 yr. The climate was colder during this period and the CO 2 release rate of the northern Pacific Ocean occurred at a lower rate. This is in good agreement with the contention that the Little Ice Age began around AD 1650 and ended around AD 1850. The possibility that a global event can induce a regional variation of 14 C concentration should be noted. 
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